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SYMBOLS AND UNITS

Note:

All equations are written in units of the cm-

gram-second system, which requires that the unit of

the current be 0.33 x lO-'of one ampere, and the

unit of the voltage 300 volts.

Thus:

is

g

1 amp = 3 x 10 c-g-s amps,

1 volt = 1/300 c-g-s volts.

The specific charge of the cesium ion (A = 133)

¢/_ = 2.19 x lOZiel, st. c-g-s units

= 730 amp sec g-Z

Numerical results are sometimes given in amps,

volts, watts, Ion sec -_ , kg, tons, years, and G's

in order to give a better feeling for the magnitudes.

Since electric propulsion systems will be useful

only under reduced or vanishing gravity, these units

have been avoided which contain Go, the gravitational

force at the surface of the earth. Thus, "mass"

is used instead of "weight, " and "exhaust velocity"

instead of "specific impulse."
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# . ELECTRIC PROPULSION SYSTEMS

a. Introductory Remarks

( 1 ) Definition of Systems

The term "electric propulsion system"

is used in connection with a great variety of systems

applicable to the propulsion of spacecraft. All elec-

trical propulsion systems, in the same way as chemical,

nuclear, hot water, or photon propulsion systems, are

based on Newton's theorem of action and reaction. In

each case, a force acts on the space vehicle accord-

ing to _q. (x)

F = d(Mv). (1)
dt

If the exhaust velocity v is constant, and if the

ejected mass is carried on the vehicle before injec-

tion, Eq. (1) leads to the well-known rocket equation

first derived by Ziolkowsky:

Me+ Mfu = v _ (2)
Me

where

Mf =_dM = propeliant mass



Electric propulsion systems are charac-

terized by the use of electric energy for the ejec-

tion of the propellant mass. The accelerating forces

may be exerted upon the propellant particles by elec-

tric fields, magnetic fields, a combination of both,

the heat energy contained in an electric arc discharge,

or the heat energy transferred to the propellant par-

ticles from electrically heated surfaces. Each of

these systems requires a source of electric power

aboard the vehicle. Besides this common feature, the

various electric propulsion systems differ very deci-

sively in a number of details. It is advisable, there-

fore, to differentiate between electrostatic or ion

systems, magnetofluiddynamic systems, and electrically

heated systems (which include arc jet systems).

(2) Historical Background

The possibility of space vehicle propul-

sion by means of electrically expelled particles was

probably first stated by R. H. Goddard [1 ] in 1906.

H. Oberth [ 2 ] discussed electric propulsion at some

length in 1929, while, in 1945, J. Ackeret [3 ] pro-

vided theoretical details of rocket propulsion which

apply also to electric systems. In 1947, Seifert,

Mills, and Summerfield [4] mentioned the necessity of
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ejecting positive and negative particles simultaneousl_

The first more elaborate study on electric propulsion

was published by Shepherd and Cleaver [5] in 1949;

they coined the term "ion rocket." More papers on

electric propulsion appeared in the early _50ts, notahtF

by Spitzer [6,7,8,9]. A comprehensive study on

electrically propelled space vehicles capable of manned

expeditions to Mars was made by Stuhlinger [10] in

1954 and expanded in the following years. Langmuir

[11], irving [12] , Sussavd [13], and Boden [14] con-

trlbuted very essentially to our theoretical and ex-

perimental knowledge of electric propulsion systems,

beginning in 1956. A large number of papers were

published du Ping recent years, many of them describ-

ing excellent work by industrial contractors [15-20].

While the theoretical background of

elect_static propulsion systems was being developed

during recent years, the possibilities of electr_)dynam-

ic systems were more and more recognized. The physJ_

of ionized plasma, often called magnetofluiddynamics,

one of the youngest branches of physics, became the

objective of intense studies after the classical in-

vestigations by Alfven [21], Spitzer [22], Kantrowitz
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[23], Landshof [24], and others [25]. High plasma

flow velocities were produced in discharge tubes in

which stationary or transient magnetic fields acted

upon an ionized gas, in conjunction with electric

fields. Studies of this kind gained considerably in

importance in connection with research towards con-

trolled thermonuclear reactions.

The arc jet propulsion system, as con-

trasted to electrostatic and magnetoflulddynamic (MFD)

systems, uses electric power to heat the propellant

gas. While a high-intensity arc is burning within the

arc chamber, propellant flows into the chamber and

leaves it with an exhaust velocity determined by a

purely thermodynamic process. The degree of ioniza-

tion is low, and the exhaust velocities are roughly

between those obtainable with chemical and ion or MFD

systems. Even though systematic investigations of

arc jet systems for propulsion began later than

those of ion and MFD systems, the arc jet as an

actual propulsion engine is presently much closer to

technical realization than the other two systems

[26 - 30 ].

4



An alternate system using the electro-

thermodynamic'process has been suggested in which

the propellant (hydrogen) absorbs heat energy while

passing over electrically heated tungsten surfaces

[31]. This system would be particularly simple as

far as design and operation are concerned. Exhaust

velocities of the order of 6 to 10 Ion sec -x may be

obtainable. Like the arc jet system, the electrical

heater element system may find application for auxil-

iary propulsion units in cases where the spacecraft

already carries an electric power source for other

purposes.

b. Dynamics of Electric Propulsion S_stems

(1) Characteristic Relations Applicable to

Electrically Propelled Vehicles

Electric propulsion systems require an

on-board power source of considerable magnitude

(Fig. 1). The entire mass of the power-producing

system, which includes the prime source, the conver-

sion plant, the heat rejection device, and auxiliary

equipment, adds to the burn-out or terminal mass of

the vehicle. It is obvious that the mass of the

power-producing system must be as small as possible.

In fact, this mass is the predominant factor detere_lng

5



the performance, and therefore the figure of merit,

of an electrically propelled vehicle. The reason why

an electrically propelled space vehicle may still be

comparable, and even superior, to chemical rocket

vehicles, is the fact that very high exhaust veloci-

ties are obtainable with electric systems. While

the energy content of fuel-oxidizer rombinations sets

a limit to the exhaust velocities of chemical rocket

motors, ion and MFD propulsion systems are not

limited by these factors.

The performance of electric propulsion

systems can be conveniently analyzed if the partial

masses of the components of the thrust-producing

system are lumped together into one term, Mp , which

includes the masses of power source, power conver-

sion system, ion source, thrust chambers, and auxil-

iary equipment. Since the thrust-producing system

is by far the largest part of a space vehicle, it is

logical to include also the masses of structural ele-

ments in this term.

The designer of a space craft is pri-

marily interested in the transportation capability of

the vehicle, as expressed by its terminal velocity,

6
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and by the ratio of its total mass to the useful

payload. Assuming that the space craft moves only

through empty space without atmosphere and gTavity

fields, the relation between mass ratio, terminal ve-

locity, and other pertinent parameters can be easily

derived. Defining the total initial mass of the ve-

hicle as

Mo ffi Mf + Mp + M1

and the te_ninal mass as

Me = % + 141

we find with Eq. (2)

u = v tn Mf + lqp ÷ M_ (3)

%÷"1

The ratio of the electric power output

to the mass of the thrust-producing system, defined

by

P
= _ (4)

Mp

characterizes the quaHty of powerplant and thrust

chambers_ a is the "specific power."



If

p _ _v'= Mfv' (5)
2 2_

denotes the total power contained in the exhaust

beam, and

F = My = Mf v (6)

the thrust, we finally obtain the desired relation by

combining Eqs. (3) to (5) [32]

_U_
Mo e v-- = (7)
MI v • u_._ (e "v'_ 1)

I- 2a_

Figures 2 and 3 represent this equation. The ratio

Mo/M 1 is plotted versus the exhaust velocity v #

with the terminal velocity u as a parameter. The

product _ , specific power times propulsion time, is

chosen as 10 z4 and 10 _8 in Figures 2 and 3.

Equation (7) and Figures 2 and 3 show

a minimum of the mass ratio Mo/M 1 for one particular

exhaust velocity v , and any set of the variables

u, a , and g .

If the derivative

dv

8
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is formed of Equation (7) and equated to zero, the

equation

u
v (e-V-_i) aT i
u v* 2 = 0 (8)

results which gives the relation between v, u, and

_g for minimum (Mo/MI) , i.e., for maximum payload.

Equation (8) is plotted in Figure 4.

The designer of an electrically propelled

space vehicle will first estimate the time T of propul-

sion, and the available specific power a . With this

g , and the desired terminal velocity u , Fig. 4

will yield that exhaust velocity v which leads to a

minimum ratio No/M 1. Figure 5 ,which was drawn from

Eqs. (7) and (8), gives the minimum ratio Mo/M 1 as a

function of the terminal velocity u .

In Figure 4, the shaded area covers

that region in which realistic vehicle designs will be

found. It is interesting to note that this region

follows approximately the function

v = _J_-_ (9)

which is drawn with a dashed Hne in Fig. 4. A simple

rule of thumb follows from this fact: The optimum ex-



haust velocity of an electrical propulsion system is

approximately equal to the square root of specific

power times the time of operation. Assuming that

the specific power is a constant which reflects the

state of the art of power-generatlng systems, the

optimum exhaust velocity is simply proportional to _/_-.

With a short operating time, the exhaust velocity must

be low, i.e., the power supply will be small, but the

propellant mass large. With a long operating time, the

exhaust velocity must be high, i.e., the power supply

will be large, but the propellant mass small. Short

propulsion times will require a high-currentj low-voltage

system, whereas long propulsion times will call for a

low-current, high-voltage system.

The next step in the design will be the

determination of M o from the ratio Mo//d I and the

payload biI which, along with u, _ , and • , represents

the set of original design parameters. The terminal

As Fig. 4 shows, this rule is only approximate. In

the limiting case of MI_ 0, for example, Eq. (9) will

go over into Eq. (18).
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mass, M e , follows from

u

and the mass of the thrust-producing system, Mp,

f1_om

Mp = M e - M1

(10_

(11)

The mass of the propellant, Mf, is simply

Mf =Mo-M e
(12)

and the total power P

P = ¢xM
P

(,3)

The thrust is found from

2
F = P--

v
(,4)

and the initial acceleration from

F
ao _ m

The pate of propellant flow is given by

Figure 5, in which the minimum ratio

(Mo/M1)mi n is plotted versus the terminal velocity

11
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(16)
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with the product aT as a parameter, shows that,

even under optimistic assumptions, the highest termi-
t

nal velocity to be expected with electrically propelled

vehicles is of the order of 200 km sec -_. Assuming

a vanishingly small payload, this limit is determined by

the duration of the propulsion period, which should no_

be longer than about three years, and by the specif-

ic power a , which, by 1965-1970, may be expected

to be of the order of 0.3 kw kg -x (dashed line in

Fig. 7).

The highest terminal velocity is obtained,

of course, when the payload is negligibly small. Eq.

(7), for M I_0 , transforms into

12a_ + 1) (17)u -- vln

which is plotted in Figure 6. Figure 7 shows the maxi-

mum terminal velocity, Urea x , as a function of aT.

Forming the derivative and letting

du
_ _0
dv

leads to

2

1+_
2a_

12
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and

at the point where

M1 _ O. Of particular interest is the Patio

this maximum. Eqs. (17) and (18) yield

v =_ (18)

u reaches its maximum, assuming

u/v at

U
----,-=In 5 = 1.61 (19)

V

The highest terminal velocity which an electrically pro-

pelled vehicle can Peach with vanishin_ly small payload

is equal to 1.61 times its exhaust velocity, or ap-

pPoximately

Ureax = 1.14 _--_
(20)

Since M1 --, O, we find

M e =M P

U
Mo = e-;-= 5
M
P

OP

1

%== -_ Mo

and
(21)

4 M
M f= -_ o

13



The relations (19) and (21) are inde-

pendent of _ and _ . The amounts of v and u ,

however, are determined by Eqs. (18) and (20) as

soon as a and _ are chosen.

Equations (9) through (21) are partic-

ularly useful for a quick estimate of the principal

design and performance figures of an electrically

propelled vehicle.

An important" limit in the choice of T

is set by the minimum acceleration which can be ac-

cepted for a space mission. The initial acceleration

of the vehicle, a I = F/M o , may be expressed in terms

of the characteristic parameters of the space craft.

It can be shown [32 ] that For vanishing payload the

highest possible initial acceleration is simply given by

aih "2_ ( 22 )

Equation (22), plotted in Figure 8, indicates t;hat

for propulsion times of the order of one year, and

specific power figures of 0.2 to 0.5 kw kg -_, highest

initial accelerations will not be more than 2 to 3 times

10-4 G.

14
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(2) Variable Thr,_st Systems

Several investigators [33, 34, 35, 36 ]

pointed out that the performance of an electrically

propelled space vehicle improves when its thrust, is

varied according to a time program_ at a constant

level of power consumption.

Assuming gravity-free space, and as-

suming further that the trajectory is subject to

certain initial and terminal conditions, and that total

power as well as total travel time am fixed, we may

derive that tame progTam for the acceleration which

leads to a maximum payload. A very interesting and

exhaustive discussion of this question was given by

Ir ng [36].

and

we find

and

Letting

P ffi _Mv j = const.

F
a !- _ mm

M M

1di4 = --.-- aSdt
H s 2P

1 1 1

Mt Ho = _- _ as dt

15



For t = • , and with Eq. (4), we obtain

__/__1 _ _/_1 = 1 _ a' dt

Mp+ M l M o 2aMp

and finally

2 a Mp Mf

(Mp +M l) (Mp +M I+Mr )

(23)

= £ aSdt (24)

Eq. (24) shows that fop any given specific power,

mass of thrust-producing system, and propellant mas_

the payload MI, and therefore the Patio MI/Mo, be-

comes a maximum when the integral _ a_ dt is minimized .

This result marks a characteristic difference between

chemical and electric rockets, i.e., between energy-

limited and power-llmited systems. For a chemical

rocket, the trajectory is usually chosen so that the

Integral _ a dt i.e., the characteristic velocity,

becomes a minimum.

The assumptions stated earlier in this

paragraph infer that d'a/dt i = 0 , which means that

any acceleration program will be a linear function of

time. The condition that, under the same

assumptions, _ aadt be a minimum is fulfilled for

da/dt = 0.

16



A aconstant acceleration H program is therefore an

optimum program as far as payload capability is con-

cerned. This constant acceleration is deter_®lned by

a = u/_ . Equation (23) thus leads to

_- -_ _- u--Z." (2s)

Letting

obtain

d Ml/dMp = 0 for maximum payload MI, we

_= u (1 u
Mo _ _ ) (26)

and

= (x- u _)* (27)

nf _ u (28)
t,',o /2 a'_

The instantaneous values of mass, thrust, propeIlant

flow, vehicle velocity, and exhaust velocity are:

Mt ffi Mo 1 (29)
tu

+ 1
"_#_"_ - u)

U
Ft = st "7" (30)

17



Ft s
_ = (31)

U

_ro-q-Z_- u)

ut =at

t i)vt = 2_-_a_+ u(-g -

(32)

(33)

at t = O, we find

and at

v --_ - u

t =

(34)

The expression Z_a_ was termed "characteristic ve-

locity'by Irving. x He pointed out that after burnout

each particle wMch was ejected by the vehicle moves

away from the vehicle with the velocity2gr2-_-_.

Figure 9 shows total mass, propellant

mass, rate of mass flow, exhaust velocity, and

thrust as Functions of t_e for a constant-accelera_on

system and a constant-thrust system. In Figure I0,

Zln this chapter, "characteristic velocity" is the

terminal velocity obtained by a rocket vehicle after

acceleration in gravity-free and drag-free space.

18



"M _Mthe mass ratio _ o/ 1 )sin is plotted versus terminal

velocity again for the two systems. The diagram

shows that the difference in performance is only

small at low terminal velocities! it increases with

increasing terminal velocity.

While a variable-thrust program leads

definitely to an improvement of the payload capability

of an electrically propelled vehicle, it should not be

forgotten that a system with variable thrust must be

built for the highest possible current and the highest

possible voltage to be expected at any time during

the propulsion period, and that the electric power

generator must allow the required voltage-current

variation. This flexibility of the thrust-producing

system over a wide operating range may introduce

such severe complications in the thrust control sys-

tem, and such high mass penalties, that the gain in

performance is more than offset by the added com-

plexity of the propulsion system. In any case, a

careful design study must be made before a decision

can be reached.

19



c. Power Supply System s*

(1) Prime Sources

The power requirements of an electric

propu/sion system are so great that the power source

is by far the largest component of an electrically

propelled space vehicle. The power contained in the

beam, P , and the thrust produced by the beam, F ,

are related by a very simple function,

-P = I_....__v'_ v
F 2F[v 2

independent of any other parameters. This equation

implies that with increasing exhaust velocity, i.e.,

with decreasing propellant consumption, the power re-

quirements increase. Figure 11 shows the power re-

quoted for one kg of thrust as a function of the

exhaust velocity.

Even a superficial survey of technically

feasible power sources reveals that at present there

are only two promising sources of energy: solar en-

ergy, and nuclear fission energy. Solar energy is of

unlimited supply, but the flow of energy per second

I

This section is kept short because power supply

problems are discussed in considerable detail else-

where in this volume.
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and per cm s is relatively smaU. At the mean distance

of the earth from the sun, one cm s receives 0.13

watt of radiative energy. At the distance of Venus,

this amount is 0.24 watt_ at the distance of Hats,

0°055 watt. While the space vehicle travels on the

night side of a planet, no solar energy can be re-

ceived.

Nuclear fission reactor technology has

been developed to a state where the feasibility of

space-borne reactors appear_certain. The size of a

power reactor for a given power output depends pri-

marUy upon the capability of the cooling system to

remove the heat energy. Fast reactors with sodium

coolant have been operated at 4 megawatt heat out-

put per kg core material. Even if the power reactor

were designed on a more conservative basis, its mass

would be only a small fraction of the total mass of

the electric powerplant. The greatest shares in the

overall mass will be taken by the power conversion

plant, and by the heat radiator. Representative

figures of partial masses are given in Table 1.

The power reactor must be designed for

an operating lifetime of one to three years_ depending

21



upon the mission of the space vehicle. It should

have a high burn-up rate for reasons of economy,

but its power output and its controllability should

not suffer from excessive poisoning. It appears that

power reactors can be built today which meet these

requirements.

Both solar and nuclear power sources

are characterized by their power levels rather than

by the total energy they can deliver. Propulsion

systems powered by solar or nuclear sources are

therefore called "power-limited" systems rather than

"energy-limited" systems.

(2) Conversion Plants

Radiative energy from the sun can be

converted into electric energy either directly through

photovoltaic cells, thermocouples, or thermionic con-

verters, or indirectly through a thermodynamic engine

coupled with a generator. The heat energy from a

nuclear reactor can be converted in thermocouples,

in thermionic converters, or in a thermodynamic en-

gine driving a generator.

Photovoltaic cells, built of doped silicon

single crystals, have successfully proven their

22



4
spaceworthiness in several sate!Htes and space probes.

Guaranteed conversion efficiency is I0 to II percent

at the present time. An increase to 15 percent ap-

pears possible within the next few years. Figure 12

shows the efficiency as a function of temperatave.

This figure implies that the efficiency of semiconduc-

tor photocells depends strongly on temperature; be-

sides that, these cells are sensitive to high-energy

particle radiation. Another disadvantage is their

high price, and the relatively large mass of a photo-

voltaic converter. A representative figure for the

specific mass is 45 kg kw -1 [37] . A silicon cell power

supply providing 20 megawatts at the distance of Hans

would cover an area 200 x 200 meters square; it would

contain 200 million individual cells and weigh 900 tons.

It is not likely that a photovoltaic solar energy con-

verter of present design will become practical for

large power requirements.

Thermocouple and thermionic converters,

as well as turbogenerators, would use mirrors or

Fresnel lenses to concentrate the solar energy. In

each case, a heat rejection system is necessary,

and the overall efficiency depends decisively on the

23



temperature difference between the hot and the cold

ends of the heat cycle. One important Factor in the

design of the radiator is the danger of meteorite

penetration. For that reason, it appears that a

small high-pressure, high-temperature radiator is

preferable to a large low pressure, low temperature

radiator, even though it leads to a smaller tempera-

ture differential.

Thermocouples are rugged and simple in

design, but their efficiencies are low. Desirable

properties of the thermocouple components are high

electric conductivity, low heat conductivity, high

thermoelectric power, and stability at high temper-

atures.

Ceramics like nickel oxide, cobalt oxide,

and manganese teUuride make useful thermocouples at

high temperatures. It is not likely that presently

known thermocouples will Find application for power

supplies in the kilowatt or megawatt range.

Thermionic converters, particularly

the gas-Filled types, have been under intense study

For only a short time. Although they have not yet

24



reached _h_ __n_ state they pro-_.ise efficien-

cies which theoretically go up to 30 percent and above.

It is possible that thermionic converters will play a

major role in future power conversion systems.

The turboelectric generator is the best-

suited of aH conversion systems currently developed.At

the present time, an induction-type generator, driven

by a turbine (Brayton or Rankine cycle) or a hot gas

piston engine (Sterling cycle) is the most promising con-

tender for the power plant of an electric propulsion sys-

tem. Over-all efficiency could be of the order of 25 to

30 percent; however, optimization of the radiator de-

sign may reduce this efficiency to a lower figure.

Nuclear reactors provide heat energy

at a temperature level which is limited only by the

thermal properties of the materials. Thermocouples,

thermionic converters, and thermodynamic engines can

be heated by nuclear reactors. In general, heat pro-

duction from solar energy costs more mass than heat

production from nuclear energy. With a solar conver-

ter, additional mass must be invested in a heat stor-

age device which supplies heat energy during the

periods when the sun is covered by the earth, the

moon, or a planet. On the other hand, a nuclear

25



reactor is considerably more complex than an array

of solar mirrors even though the latter requires

careful orientation towards the sun.

Present technologies make a turbogen-

erator system in connection with a fast fission re-

actor the most likely power source for electrically

propelled space vehicles,

(3) Specific Power of Thrust-Producing

System

The decisive influence of the power-

generating system on the performance of an elec-

tricaUy propelled system becomes apparent in Eqs.

(7), (8), (9), (18), and (22), where a designates

the specific power of the thrust-producing system,

defined by the equation

_ P

Mp

It is convenient to refer the power consumed by

the propulsion system to the total mass of power

source, power conversion plant, radiator, pumps,

compressors, pipes, valves, ion source, and thrust

chambers. Actually, the masses of ion source and

thrust chamber depend not only upon the total power

of the exhaust beam, but also upon the flow density
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of the beam. However, the error introduced by

ignoring this fact is small if viewed against the gen-

eral uncertainties of the performance and design

considerations of electrically propelled space vehicles.

The numerical value of _ can be esti-

mated on the basis of presently known technologies.

A number of such estimates have been made [38], [39],

[40]. Figure 13 shows a representative average of

several estimates of a as a function of time, refer-

ring to a system which consists of a fission reactor

with turbogenerator. While at present a specific

power of the order of 0.2 kw kg -z appears possible,

it is anticipated that around 1965 to 1970, a figure

of 0.3 kw kg-_may be obtainable. If the development

of thermionic converters proceeds according to theo-

retical expectations, an even greater specific power

will become feasible.

d. Electrostatic or Ion Propulsion Systems

(1) Basic Theory

The dynamics of electric propulsion sys-

tems, as described in 2(b), do not depend on the

way in which the electric energy is imparted to the

exhaust particles, nor on the particles t mass
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or specific charge. The payload capability and the

terminal velocity of an electrically propelled vehicle,

as expressed by Eq. (7), are only functions of the

specific power, the exhaust velocity, and the total

time of-propulsion. Optimum choice of the exhaust

velocity leads to maximum payload for any given

terminal velocity, specific power, and propulsion time,

as shown in Figs. 2 and 3. Figure 4 implies that

exhaust velocities of practical interest for space

vehicles cover the range from about 10 km sec-_to

200 km sec -z. Exhaust velocities in this range can

be obtained if the propellant particles are first

ionized, and then exposed to the accelerating force

of an electrostatic field. The velocities of particles

of various atomic masses, all singly charged, are plot-

ted in Figure 14 as a Function of the potential dif-

ference through which they were accelerated. Eq. (36)

gives the relation between potential difference, mass,

charge, and velocity of the varticles:

v (35)
N

An ion propulsion system must provide

an ionization mechanism for the propellant particles, and an
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accelerating field of the desired magnitude.

thrust developed by the beam is given by

The

or, since

v = _v (37)

F=_- _"f P (38)
¢

Equation (38) implies that the thrust of an ion motor

depends on the total electric power, the total pro-

pulsion time, and the total propellant mass, but not

on the accelerating voltage, and not on the size or

the specific charge of the propellant particles. The

choice of the propellant material merely dete_dnes

whether the ion motoP is a high current, low voltage

device (light particles), or a low current, high volt-

age device (heavy particles).

Since

I = _ ¢ (39)

and IU- P, Eq. (38) loads to

F --/2 P1 .-_' (,to)
¢
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and

=/z P' _F U ¢ (41)

While the particle size does not immediately influence

the thrust of an ion motor, it does influence the

size of the motor, and therefore its mass. The cur-

rent density of the ion beam within the accelerator is

determined by Child-Langmuir's law [41]

W_- ,/-_- u _ (42)
i = 9_ _ _ d'

Introducing Equations (36) and (37)into (42), and

letting i/I = f/F, we obtain for the thrust per cm '

of motor area

f 1 v _ a= (_F_..) (43)
18_ d a e

Considering in this equation v and d as constants,

it is realized that the thrust per unit motor area is

proportional to (_/e )i . This is the reason why a

large specific charge of the propellant particles is

desirable. It should be remembered, however, that

the high voltages required by large (_/¢) ratios in-

crease the danger of voltage breakdown within the
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ion motor,

A space vehicle expelling electrically

charged particles must necessarily expel negative and

positive charges at the same rate. If only particles

of one charge were ejected, the other charge would

accumulate on the vehicle and would soon prevent any

further expulsion of the other charge. The most

direct way to keep the vehicle neutral is by emitting

the electrons which are liberated in the ionization

process.

Negative and positive charges must be

emitted simultaneously still for another reason. The

ion beam, as shown in par. d(5), must be neutralized

immediately after leaving the thrust chamber, other-

wise its space charge would act back into the chamber,

and would suppress any further flow of ions.

(2) Components of an Ion Propulsion System

Besides a supply of electric power and

a suitable propellant material, an ion propulsion sys-

tem requires an ion source, a thrust chamber where

the ions are accelerated, an electron emitter, and

suitable arrangements to shape the ion beam, and to

neutralize the positive space charge of the ions by
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means of the negative electrons. Figure 15 shows

the components of an ion propulsion system schematic-

ally.

The ion source should be simple and

light; it, must have a long operational life, an ioniza-

tion efficiency better than 95 per cent, and a cur-

rent density of at least 10 mA cm -8 . Its power con-

sumption should be only a small Fraction of the beam

power.

Several sources are under investigation.

Most promising appears to be the ionization of alkali

atoms at hot surfaces of Pt or W, an ion source that

has been studied in great detail during the past forty

years [42 to 48 ] . Surface ionization Is observed

when atoms come in contact with a material whose work

function is greater than the ionization energy of the

striking atoms. Work functions of several surface

materials are listed in Table 2 ; Table 3 shows ionization

energies of a number of metals. The best combination

seems to be cesium atoms on tungsten surfaces. Fig-

ure 16 shows the percentage of the original atoms

that leave the surface as ions, plotted versus the

surface temperature.
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The tungsten surface may be represent-

ed by a porous plug, or by a woven structure of wires

or ribbons, with cesium vapor being forced through tl_

fine openings [49_50 ] • Technical details of surface

contact ion sources for propulsion systems were dis-

cussed in several recent papers [51j52].

Two other ion sources have found atten-

tion in connection with ion motors: the Von Ardenne

duoplasmatron source_ and the bombardment-type

source. In the first, a concentrated arc burns be-

tween narrowly spaced electrodes; the ion beam is ex-

tracted by an electric field and at the same time

pinched to a high density by a magnetic field. Very

promising results with Von Ardenne-type sources were

reported recently [53]. One disadvantage of this

source is the danger of electrode erosion. AVon

Ardenne source is sketched in Figure 17.

In the bombardment-type source, a

transverse or oblique flow of fast electrons impinges

upon a beam of atoms. Ionization occurs by collision.

The elec trons keep oscillating at the location of the

neutral atom cloud until they collide with atoms. As

soon as an atom has transformed into an ion_ it is
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extracted by a field and forced into the accelerator

gap. Bombardment-type ion sources for ion motors

have been under investigation for some years with

promising results [54]. Figure 18 shows a schematic

of an ion source with adjacent accelerator gap.

(3) Beam Formation

The formation of the beam is achieved

by ion-optical means. The Pierce gun design, widely

used for high-power electron beams, can be applied

to ion beams [55] if the ions are generated at a

well-defined surface with negligible velocity spread.

Interception of the electrodes by ions must be avoided

as far as possible in order to reduce surface erosion;

a representative figure of permissible interception is

0.01 per cent.

The length of the acceleration gap be-

tween ion source and accelerating electrode cannot

be chosen at will. The current density of the ion

beam is a function of the specific charge of the

ions, of the accelerating voltage, and of the gap

length as determined by Child-LangmLtirTs law (Eq. 42).

Figure 19 shows the current density as a function

of the voltage for cesium ions, with the gap length

as parameter.
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Designating the cross section of the

beam with A = _r I and combining Eqs. (41) and (42)_

a relation is found between thrust, voltage_ and the

naspect ratio H (2 r/d) of an ion motor, provided that

the beam is space charge limtted:

IF = 1""'8" (44)

Equation (44) impHes that the thrust of an ion motor

is determined by the voltage and the aspect ratio of

the accelerating chamber, independent of (c/N ). The

aspect ratio of a useful ion engine should be as large

as possible.

Since Eq. (44) Is rigorously valid only

for plane parallel electrodes, it is useful to derive

an expression which is a measure for the aspect ra-

tio, but depends only on measurable electric quantities.

Substituting i = I/A in Eq. (42), we find

(45)

The term (I/U _) is called nperveance.-

should have a perveance as high as possible. While

the optimization of the exhaust velocity (see Fig. 4)

An ion motor
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may require a relatively low accelerating_ltage of

2000 or 3000 volts, the desire for a high current

density in the ion beam makes an accelerating voltage

of the order of 20,000 to 30,000 volts necessary.

Both requirements can be met by an "accel-deceln

system in which an accelerating and a subsequent de-

celerating field are applied (Figure 20). The current

density of the ensuing beam is determined by the ac-

celerating voltage, but the exhaust velocity, and the

total power, correspond only to the potential differ-

ence between ion source and final electrode. A more

detailed analysis of the situation [ 56, 32,58 ] shows

that the full ion current arriving at the accelerating

electrode is transmitted to the plane of the deceler-

ating electrode under certain conditions. This is ll-

lustrated by Figure 21 where d/a is the ratio of

the decelerating to the accelerating gap width, and

Ud/U a the ratio of the decelerating to the acceler-

ating potential. Within the region underneath the

curve, any combination between d/a and Ud/U a leads

to full current transmission through the decelerating

gap. If U d = Ua, i.e., if the decelerating gap is

field free, Full transmission persists even up to

36



do -- 2.82 a, provided Chat the width d o is reached

by increasing the gap from d <d o . If d >do, part of

the ions turn around in the space charge field and

return. If d = _, all of the ions return. If d is

decreased again, less and less ions return, until the

full current is transmitted at d = 2.0 a, as shown in

Figure 21.

(4) Space Charge Neutralization

As mentioned above, a space charge

limited ion current can travel from the accelerating

electrode up to 2.82 times the accelerating gap width

through a field-free space without being reduced by

space charges. However, the exhaust beam of a

space Pocket must be capable of traveling infinitely

deep into field-free space. The beam of an ion

rocket therefore must be neutralized shortly after

leaving the accelerating electrode.

Neutralization can be achieved by mixing

electrons into the ion beam. In spite of considerable

effort, the problem of neutralization of an ion beam

has not been completely solved [32, 58, 59] • One

reason why the formation of a neutral plasma is dif-

ficult to accomplish is the considerable velocity with
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which the electrons enter the ion beam because of

electrostatic attraction. Another reason is the low

particle density within the beam which precludes en-

ergy-dissipating collisions. If only one pencil-shaped

beam had to be neutralized, the neutralization problem

would be greatly relieved by the lateral spreading of

the beam. However, an ion motor for practical use

must contain several thousand closely packaged pencil-

sized beams, an arrangement which does not leave much

room for lateral beam spreading. Figure 22 shows

schematically how ion beams and electron emitters may

be arranged, and how electrons and ions would mix.

The distance from the rear electrode at

which neutralization must be accomplished is of the

order of a few centimeters, or even less. This dis-

tance depends upon the (_/z)- ratio of the particles.

At a given thrust per cm 8 and a given exhaust velocity,

the distance at which neutralization must be achieved

is proportional to ( _/¢ ), as implied by Eq. (43).

This is another reason why a large (_/¢) of the pro-

pellant particles is desirable.

Negative ions instead of electrons for

beam neutralization have been considered. The velocity
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of negative ions could be easily matched to the ve-

locity of the positive ions, and the Formation of a

neutral plasma would be no particular problem. Diffi-

culties arise with the efficient, but simple production

of negative ions; all sources of negative ions which

ace known so Far have a relatively poor efficiency.

Also, it seems to be difficult to arrange positive and

negative ion sources in such a way that the ions mix

within the required short distance From the acceler-

ating electrodes. A schematic of a propulsion system

emitting negative and positive ions is shown in Fig. 23.

The efficient neutralization of the exhaust beam is

probably the most acute single problem presently exist-

ing in the Field of electrostatic propu/sion syst_.

(5) Heavy Particle Systems

The thrust of an ion motor is detemained

by the total electric power, the total propellant mas_

and the operating time (Eq. 38). The specific charge

of the propellant particles does not appear in this

relation. However, it is advantageous to use a pro-

pellant with a large _/¢ ratio For two reasons: First,

the larger the _ /¢ , the smaller is the motor area

r_quired For a given thrust at a given exhaust velocity;

and second_ the larger the _/e , the longer is the
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section of the beam which is available for beam neu-

tralization. Both these relations are apparent in

Eq. (43).

Heavier particles require a larger accel-

erating potential in order to reach a given velocity.

In spite of the excellent insulation properties of a

high vacuum, the voltages which can be handled safely

by a propulsion system are limited by the danger of

spontaneous breakdown between electrodes. It seems

that a field strength of about 50,000 volt cm -_ rep-

resents an upper limit. It is difficult to estimate

the maximum voltage for which a propulsion system

can be safely designed, but this maximum voltage will

probably be not higher than 106 volt. Optimization

of the electric power generator may set an even

lower limit to the maximum voltage.

Figure 24, based on the equation

shows the exhaust velocity of the propellant particles

as a function of their mass-to-charge ratio for var-

ious accelerating voltages. The region of practical

interest is shaded. Heavy particles lead to a high-

voltage, low-current system, whereas lighter particles
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lead to a low-voltage, high-current system.

Figure 24 implies that particles up to an

_/¢ of about one-hundred times that of Cs are de-

sirable. Several methods of producing spherical par-

ticles of sub-micron size are known. Charging the

particles would be accomplished by having them contact

a charged surface whose potential U they assume.

Their charge ¢ will then be

¢ - UC

where the capacity C is equal to the radius r of

the particles.

The upper limit of their charge will be

set by the critical field strength S which leads

either to a break-up of the particles, or to a spon-

taneous discharge. This critical field strength de-

pends on the material; it is of the order of 10avolt

cm-Z . Since the mass of one particle is

3

and since

_ 100 ( e-_-)Cs ,
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we obtain

r m ,ss m

_p Cs

or r - 1.8 x 10-" cm

- 1.8 x 10 -I microns

4,1

Particles of this size must be charged to 180 volts in

order to achieve a P/¢ one-hundred times greater

than that of Cs. While particles of this size can be

produced, it seems that severe problems arise in the

propellant feed system, and in the charging of the

particles at a sufficiently high and continuous rate.

Here "electrostatic spraying" of a liquid, a process

which has been known for a long time, appears to be

Impractical because sizes and charges of the particles

vary over too wide a range.

Heavy molecules, like UF 6 , offer a possi-

bility of increasing the p/¢ substantially beyond

that of Cs. However, no ionization method is developed

yet which would be efficient enough to make a UF6

system superior to a Cs system.

(6) Performance and Design Figures of

Electrostatic Systems

Based on reasonable assumptions regard-

ing tho specific power and the efficiency obtainable
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from ion propulsion systems, the performance, capa-

bilities, and the major design parameters, of space

vehicles propelled by ion motors may be derived from

the equations presented in this chapter. At first,

decisions will be made regarding the desLr_d payload,

the required characteristic or terminal velocity, the

anticipated travel time, and the available specific

power. With these figures, Eq. (8) and Figure 4

yield the exhaust velocity v ; the minimum ratio

}4o/N1 is found from Eq. (7). It provides }40 and,

through Eq. (10), the terminal mass }4e • which in

turn allows the determination of Np and }4T • The

power P results from Eqs. (4) or (5), the t_t

F from Eq. (6). As soon as the propellant is chosen,

Eq. (36) will provide the voltage, and Eq. (39) the

current. The initial acceleration is given by a- F/N o.

Table 4 lists a number of space vehicles

and their more important design and performance par-

ameters. These figures are based on cesium as pro-

pellant, and on a specific power of a = 0.3 kw kg -ffi,

The limited efficiency of the power con-

version system isj of oou_se, taken into consideration

in these figures. The efficiency of the conversion
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of electric energy into kinetic energy of the beam,

however, was asmumed to be 100 per cent. This as-

sumption is certainly not realistic; there will be losses

within the ion source, and losses caused by the heat

radiation of the ion source, and by the beam spread-

ing. The best total conversion efficiency of an ionic

thrust chamber obtained so far is _bout 65 per cent.

It is probable that efficiencies of 85 to 90 per cent,

or even more, will be reached ultimately

e. Electrically Heated Systems.

(I) Thermodynamic Considerations

The performance of rocket propulsion sys-

tems in which the propellant gas is heated by electric

energy is determined by the same equations (I- 35)

which describe electrostatic or electromagnetic systems.

_lectrically heated systems differ in the way the elec-

tric energy is converted into kinetic beam energy. Gen-

erally speaking, the propellant is fed in gaseous, liquid,

or solid form into the chamber where it is heated by

an arc or by a hot surface. The heated gas leaves

the chamber through a conventional nozzle. A schematic

of an arc-heated rocket motor is shown in Figure 25. A

number of research groups have carried out investiga-

tions of arc-heated systems during the past few yeaPs[61].

The velocity of the exhaust particles is de-

termi_ed by the flow rate of the propellant, the
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electric power input, the nature and thermodFnamic

properties of the exhaust gas, and the geometric

form of the nozzle. Exhaust velocities up to 16 km

sec -1 and arc temperatures of 40,000*K

were obtained by proper cooling techniques [62].

The upper limit of the exhaust velocity of arc-heated

systems is presently considered to be of the order

of 25 km sec -1 . This exhaust velocity would be

reached with arc temperatures between 50,000 and

100 000 *K : about one-half of the original energy

would be absorbed by the film cooling medium, the

other half would be converted into kinetic beam en-

ergy. At temperatures in the 50 000" to 100 000*K

range,where the conductivity of a plasma is better

than that of copper, the electric circuitry will limit

the power input into the arc.

If heating is achieved by an electric arc.

the immediate region of the burning arc contains a

considerable number of ions. However, at the average

energy densities which can be maintained within the

chamber, the degree of ionization at some distance

from the arc is so small that the working fluid, even

in the throat area, can be considered as a "hot gas,"

and not a plasma. Normal thermodynamic laws apply.
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The exhaust velocity is given by St. Venant-Wentzel_

v :2G RT y Pe _ Y -

I (46)

equation

or, in a more general form, by

v (47)

where E/M designates that part of the energy con-

tent of the gas per unit mass which transforms into

_netic energy of the exhaust beam. The energy per

gram w_ch is available for this conversion is the

"free energy" or enthalpy of the gas. If Hc is

the enthalpy _thin the chamber, and H e the enthalpy

at the end of the expansion nozzle, and if _n desig-

nates the nozzle efficiency (appro_mately 95 per cent),

I !v ffico I}n (H c-H e )

we find:

(48)

This equation shows that the exhaust velocity is de-

termined in essence by the enthalpy of the gas. It

is the problem of the engine designer to select a

propellant which has sufficiently high enthalpy at a
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bearable temperature.

Table 5 lists a number of chemical rocket

propellants and their enthalpies [63].

The maximum temperature which can be with-

stood by a rocket chamber and nozzle is primarily

determined by the wall material and the cooling methods.

While a temperature of the order of 3000 _: was con-

sidered an upper limit several years ago, modern rock-

et chambers can be built to allow chamber temperatures

which are much higher. As long as the temperature of

a propellant is below the limit imposed by the chamber

walls, the exhaust velocity is determined by the enthal-

py of the reaction according to Eq. (48). When the

temperature within the chamber approaches the permis-

sible lim/t before full use has been made of the avail-

able enehalpy, the temperature becomes the factor

@overning the exhaust velocity, according to Eq. (46).

in this case, a propellant of low atomic weight is de-

eirable. This situation Is represented by a rocket

chamber heated by a nuclear reactor. While the sup_

ply of energy is almost unlimited, a temperature limit

is set by the wall materials through which the heat

energy must be conducted. This limit, with present
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technologies, is below 3000°K. In that case, hydro-

gen with its low atomic weight is by far the best

propellant.

If the propellant is heated by an electric

arc, the heat energy need not be transferred through

any walls, and arc temperatures up to about 40 O00°K

have been handled by proper design and cooling of

chamber and nozzle. In this higher temperature region,

the enthalpy of a real gas is no longer a function of

only the temperature and the atomic mass, but also

of dissociation and ionization, and of pressure. When

propellants are compared, a careful analysis must be

made of the enthalpy as a function of temperature.

Even the permissible temperature within the chamber

is not independent of the propellant; it is influenced

by the heat transfer properties, and by the pressure

of the propellant gas. These complex relationships

are the reason why hydrogen is not necessarily the

best propellant For an arc-heated system. In fact,

helium, lithium, nitrogen, argon and evenwater, are

strong contenders.

Figures 26 mad 27 show the enthalpies of

hydrogen and water as functions of temperature.

Hydragen_ for example, (Figure 26) ha_ a fast.
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increase of enthalpy between 3000" and 5000*K, and

another one beyond I0 000*K. The first rapid in-

crease is caused by dissociation, the second by ion-

izatAon. The physical meaning of this enthalpy in-

crease is the following= when the chamber tempera-

ture increases beyond about 3000*K, more and more

of the input energy is used to dissociate the hydro-

gen molecules. However, part of this dissociation

energy is recovered in the nozzle during expansion;

_ome of the atoms re-associate under release of energ_

and part of this energy, in the form of enthalpy, rep-

resents itself as increase ol _ the kinetic oeam energy.

The study of the enthalpy helps greatly to

understand the processes within chamber and nozzle.

However, it does not yet give the desired relations

between input power P , mass flow rate 1_I , and

exhaust velocity v , which are necessary for a

performance estimate of the arc-heated propulsion

system. Generally, the following equation holds:

P .. E - AH + Hb (49)
M

49



where

E
- energy input per gram propellant

M

AH = enthalpy transformed into kinetic
beam energy

Hb = enthalpy carried away by the beam,
including non-recovered dissociation

energy per gram, non-recovered
Ionization energy per gram, and

heat and radiation losse_ per gram.

The magnitudes of these components depend on the

properties of the propellant, on temperature, and on

pressure. It is obvious that the function v- f(P,I<_)

can be determined for each propellant only by a very

careful and complex analysis of theoretical and ex-

perimental data. Figure 28 shows the exhaust velocity

of hydrogen as a function of temperature and pressure

for an expansion ratio of 1:40. Figure 29 [64] gives

an example of how dissociation and ionization of a gas

depend on temperature; it shows the abundance of Na,

N, N +, N ++, and N+++ within a nitrogen plasma in the

temperature region from 5000°K to 40 000°K. Tempera-

tures of this magnitude can be reached within high-

intensity arcs.

(z) Performance Data

An example of a rocket motor _th lith-

ium as propellant may illustrate the characteristic features
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of the a_c-heated system [63]"

Px_pellant

Holecular weight

Chamber pressure

Expansion ratio of nozzle

Enthalpy of lithium

Chamber temperature

Exhaust velocity

Propellant flow

Beam power

Power conversion factor

Total power input

Thrust

lithium

6.94

lmmHg

1"_0

71 600 cal/g

5000 OK

19 500 m sec -_

0.484 g sec -_

92 kw

0.63

145

0.96 kg

Chamber and nozzle of this motor must be cooled.

If a combination of regenerative and film cooling is

applied about 5% of the total input power is trans-

ferred to the coolant in the cooling jacket, while

10% will be absorbed by the film. The mass of the

propellant injected as film coolant must be added to

the amount of "propellant flow n shown in the above

list.

An arc-heated motor of this type appears to

be within present-day technology. The formation of
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a "hot spot" on electrodes by the impinging arc can

be avoided by magnetically rotating the arc in such

a way that the point of impact moves continuously

over a large electrode area.

Promising applications for arc-heated systems

may he found by first using Eq. (9) which implies that

a system with an exhaust velocity of the order of

1.5 x 106 cm sec -x has an optimum operating time of

the order of a few weeks, depending on the specific

power a . Propulsion times of this order are required

by correction systems for precision satellites, by or-

bital transfer systems, and by lunar ferry systems.

It is anJSicipated that arc-heated propulsion engines

will find application in such systems within a few years.

f. Magnetoflulddynamics Propulsion Systems

(I) Principles of Operation

As soon as a gas is sufficiently ionized to

conduct an appreciable current, magnetic forces can

be exerted upon the gas. If the magnetic forces are

strong enough, the gas will be accelerated to velocities

of the order of 200 km sec -_ or even more.

Ionization of a gas produces a plasma

containing ions, electrons, and neutral particles, If

a gas is ionized by heating, its conductivity is a direct

function of the temperature. Figure 33 shows the con-

ductivity of air versus the air temperature. As a whole,
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the plasma remains elect_caUy neutral, and therefore

is not subject to space charge effects. A plasma

propulsion system, like an arc-heated system, can

therefore produce an area density of the jet which

is many times g_eater than that of an ion system.

For that reason, plasma motors will always have a

much smaller size than ion motors of the same thrust.

However, the basic relations between power, thrust,

exhaust velocity, specific power, and terminal velocity,

as derived earlier in this chapter, are applicable to

plasma systems in the same way in which they were ap-

plied to ion and arc heated systems in the previous

paragraphs.

The physics of _fFD systems is mucll more

complicated, and much less understood than that of

ion systems and arc-heated systems. Besides the

theory of electricity and thermodynamics, MFD incorpo-

rates the theory of fluid flow under unusual conditions

[66, 67,68J. Thermodynamic equilibrium is not reached,

and temperatures are extremely high, at least locally.

As a rule, an MFD propulsion system represents a most

complex entity which is difficult to analyze theoretically.

Only a brief description will be given in this chapter.
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If a particle of mass _ and charge ¢

is exposed to a combined electric and magnetic Field,

a Force f e is exerted upon it of the Form

-@ -@

+ vxH)
fe -- _ dt (SZ)

Negatively and positively charged particles move in op-

posite directions in a given electric Field, and the

magnetic forces therefore accelerate the particles in

the same direction.

A particularly simple form of Eq. (52)

results when it is applied to an electric arc which burns

between two parallel rails, while a magnetic field exists

perpendicular to the plane of the rails and the arc

(Fig. 31 • In this case, the total force per unit

length, f a , acting on the arc in a direction normal to

H and I is simply

f --" I H (53)
a

This force accelerates the mass of the plasma which

constitutes the arc, and by Newtonts First Theorem,

the same Force is exercised in opposite direction upon

the system that carries the plasma motor. Even

though the mass contained in an arc plasma is only of
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the order of lO-Sg in practical cases, the force,

according to Eq. (53), may be of the order of kilo-

grams; iC produces plasma accelerations close to 10 9

Gts.

The plasma velocity resulting from the

accelerating force (Eq. 53) will always be limited be-

cause of the counter-voltage induced by the external

field within the moving arc, very similar to the situ-

ation encountered in shunt-wound motors. The maxi-

mum or "idling" speed, neglecting all possible losses,

is given by

SxH

Vm - H" (54)

Besides this relatively simple nrail" type

HFD system, a number of other systems have been in-

vestigated theoretically and by experiment. They will

be discussed below.

(2) Plasma Accelerators of Various Design

The plasma button source, developed by

Bostick [69,70] , is shown schematically in Figure 32.

Closing of a switch initiates _n arc discharge between

the vlectrodes from a condenser bank. The plasma

within the arc is driven away from the electrodes by
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its own magnetic field and obtains high velocities within

discharge times of microseconds. Thrust forces of

several pounds at exhaust velocities up to many km per

second have been measured, The requirements placed

upon the condensers are severe because of the very

short discharge times. Plasma button sources appear

to be inferior to rail type systems as far as energy

utilization is concerned.

The rail type system (Fig. 31), as men-

tioned above, lends itself more easily to theoretical

analysis than any other MFD system. The rails may be

two parallel wires, two flat plates, or two concentric

cylinders. The arc discharge may be initiated through

an ionized gas, or by an exploding wire. A particular

switching device is unnecessary since each cycle starts

with the establishment of the primary arc and terminates

when the plasma leaves the rail system. If no external

magnetic field is applied, the plasma moves only under

the influence of its own magnetic field which tends to

increase the current loop; the system is then analagous

to a series-type electric motor. With an external mag-

netic d-c field, it resembles a series-shunt type motor.

Rail systems provide a longer discharge
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time than button systems, and hence have a better

energy transfer efficiency. Condenser requirements

are less stringent. However, a considerable amount

of energy is wasted for heating and erosion of the

tall electrodes. Plasma velocities of 10 km see-* , in

some instances even up to 40 km sec-*, have been ob-

tained [72,73].

An interesting modification, called "Back-

strap System," has been investigated by Kolb [74].

The discharge current from the condenser is conduc-

ted along the rear of a T-shaped discharge tube (Fig-

ure 33) where it produces a strong magnetic field

that drives the plasma out through a nozzle. Exhaust

velocities up to 40 km see -_ were measured at an ef-

ficiency of 39 per cent. This system, too, requires

condensers of extremely short time constants.

Previous extensive work on electromag-

netic shock tubes [66,79] provided experimental and

theoretical data for the pulsed, discharge system [67,

68,71,72,75,76,77,78]. As illustrated in Fig. 34, a

discharge is initiated through a gas between two con-

centric cylinders. The current flows out through

the inner cylinder, then radially through the gas
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towards the outer cylinder, and then back through

the outer cylinder. This current flow around the

toroidal body of gas produces a strong ring-shaped

magnetic Field through the toroid. The combined

electric and magnetic Fields produce a Force on the

plasma in the foreward direction. A Field coil around

the system generates a relatively weak d-c Field par-

a11el to the axis; representing a magnetic bottle, it

prevents an immediate contact of the hot plasma with

the cylinder walls. Approximately one-half of the

electric energy transferred to the plasma is converted

into kinetic energy, the other half into heat. An ex-

pansion nozzle may be used to recover part of the

heat energy.

Exhaust velocities up to 200 km sec -I ,

and even 800 km sec -L have been reported; efFicien-

cies are still relatively low. Pulsed discharge systems

of this type may lend themselves to variation of the

exhaust velocity over a" wide range, possible From 10

--:L

to 1000 km sec .

A very intriguing modification of the MFD

propulsion system is the traveling wave accelerator

(Fig. 35 ). It resembles an induction-type single phase
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or polyphase motor inasmuch as a traveling magnet.ie

field pulls a conductor along. A "slip speed _ must

exist between the traveling field and the conductor_

otherwise, no energy would be transferred from the

field to the conducting plasma. The traveling magnetic

field acts at the same time as a magnetic "mirror" which

keeps the hot plasma from the walls and stabilizes thB

plasma toroid. High accelerating forces are desirable

for better efficiency and stability. Lithium and nitro-

gen have been used successfully as propellants [71],

and exhaust velocities up to 250 Ion sec -z were ob-

tained at energy transfer efficiencies up to 85 per

cent [67]. The propellant feed system, and the

striking of the initial arc at the desired pulse rate,

seem to offer some difficulties. Auxiliary equipment

needed to produce the high-power traveling wave and

the high rate of condenser discharges is relatively

heavy.

(3) Characteristic Features of MFD Systems

Although MFD propulsion systems comprise

a wide variety of plasma accelerators, .there are a

number of features which are common to all of them.

MFD motors allow a high area density of the propel-

lant flow; the ratio of thrust over area of an MFD
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engine is therefore large. Exhaust velocities range

--I
from about lO to lO00 km sec in the various sys-

tems. High exhaust velocities are desirable For better

discharge stability, and For more efficient conversion

of electromagnetic energy into kinetic energy of the

beam. The higher the rate of change of the magnetic

Field, the thinner is the layer of plasma in which cur-

rents are induced, and the smaller are the eddy

current losses within the plasma. As an approximate

average rule, about one-half of the electromagnetic

energy absorbed by the plasma is converted into kinetic

energy, and one-half into heat energy.

MFD systems require relatively complex

auxiliary equipment such as condensers with low time

constant, and For high voltages; magnetic d-c or a-c

Field coils; high-rate switching devices; and propellant

feed systems adapted to special pulsing and pressure

requirements. At the present time, over-all eFficien-

cies are still of the order of only 15 to 40 per cent,

while long lifetimes are hard to achieve. Total masses

of the propulsion systems are high. Most likely, MFD

systems will require more research and development

time before immediate applications can be visualized.
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g. Concluding Remarl_

Electric propulsion systems depend on Hght-

weight, efficient,, and reliable sources of electric

power. Arc-heated systems become attractive when

electric power sources of the SNAP VIII-type, and

larger units, are available. They will find application

for satellite correction, satellite orbit transfer, and

lunar ferry systems. Ion and MFD systems will be use-

ful when electric power supplies with power-to-mass

ratios of 0.1 kw kg -L or more become available. Missions

for ion and NFD systems will be flights to the moon, to

the planets, and to interplanetary space, both un-

manned and manned. At the present state of develop-

ment, it appears that ion systems are closer to tech-

nical realization than MFD systems. A very considerable

improvement of MFD systems would be gained if some of

their operating power were delivered by a nuclear fusion

reaction within the plasma.

A great man y industrial companies, universities,

and government laboratories are presently engaged in

theoretical and experimental studies of electric propul-

sion systems. The National Aeronautics and Space Ad-

ministration, and the Armed Forces, have been sponsor_g
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a considerable number of study projects under gov-

ernment contracts. Besides, theoretical and experi-

mental work is underway at several NASA Field Centers.
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TABLE I

Component Masses of Turbo-electrlc

Power Plant (20 MWe)

Reactor

(20% conversion efficiency)

Heat Exchanger with Workimg Fluid

Turbine and Compressor

Radiation Cooler

Generator

Shield

TOTAL

1500 kg

2500 kg

I0000 kg

16000 kg

20000 kg

20000 kg

70000 kg

{x 20000

70000
= 0.3 kw kg -x

=Ref. 32

72



Metal

as

C

Cr

Zr

Mo

Os

Pt

Re

Ta

W

_I& II L

Work Function _ and Melting Temperature

Tm of Ver£ous Metals

Work Function $

(photoelectric)
in¢V

4.7

4.81

4.37

4.9

4.3

4.5

5.2

5.1

4.1

4.5

Melt_ Temp-

erature Tm
o C

960

3550

1890

24_

2620

27O0

1773

3167

3027

3370

_e£. 32

73



Element

H

He

Li

C

Na

K

Kr

Rb

Cs

Hg

TABLE III L

Ionization Energies

of Various Elements

Atomic No.

I

2

3

6

II

19

36

37

55

80

Q

q (¢ -volts)

13.5

24.5

5.36

11.2

5.12

4.32

13.9

4.16

3.87

10.39

XRef. 32
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TABLE V z

Enthalples of Gases from Various Reactions

Chemical energy, monopropellant, solid or liquid: -1
Hydrazlne 545 cal 8m

Nitroglycerlne 1615 cal gm-1

B_oH 4 +NH, CIO, 1800 cal gm-_

Chemical energy, liquid propellant:

Hydrocarbon + oxygen

Hydrogen + Oxygen

Hydrogen + fluorine

Hydrogen + ozone

Lichlum+ oxygen

Beryllium+ oxygen

2280 ca1 gm-L
3000 cal gm -L

3070 ca1 gm--
3880 cal Sm-=

4720 cal gm-=

5730 cal gm-L

Free Radicals:

CH_
NH
N

Ne*

He*H

2770 cal gm- _

3750 cal gm-_

8000 cal 8m-L

18800 cal gm-_

100000 cal gm-_

Nuclear Energy:
Fission

Fusion

3.O

2 x 10 cal 8m-_
2 to 8 x 10 _° cal gm -_

Electric Energy (arc heated):

Hydrogen 2000°K
4000°K

7000°K

10000OK

7 x lO scal gm-s

7 x I0" cal gm-L

8 x I0" cal gm-L

13 x I0" cal gm-L

(Pc = 0. I arm)

Ref. 63
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FIG. 20 - Pierce gun design with accel-decel system
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